active immune defense but rather an indirect consequence of the microbial load and composition. Thus, changes in host genotype and an inability to regulate the normal growth and composition of the gut microbiota leads to a shift in the microbial community, dysbiosis and early death.
Introduction
The role of the commensal gut microbiota for a healthy life is attracting increasing interest and research focus. The role of commensal microbes in a normal gut metabolism and the absorption of nutrients, and as suppliers of essential nutrients, has long been recognized. Currently, it is becoming evident that microbes are also active players in shaping an organism's immune system, development, physiology and nervous system with direct effects on general health, aging and life expectancy. The genetic regulation of these host processes is unusually well characterized in Drosophila melanogaster and, in combination with the fly's superb genetic tools, relatively simple intestinal architecture and ease of cultivating under different conditions, it serves as an excellent model for stud-ies of host-gut microbe interaction and the relation between innate immunity and pathogenic infections [recently reviewed in 1 ]. In addition, several recent discoveries have revealed the usefulness of flies for a general understanding of the role of microbes in gut epithelium regeneration and intestinal stem cell activity [2, 3] , as well as its consequences for inflammation, cancer development and aging [4] [5] [6] [7] .
The Drosophila gut microbiota was first found to represent a relatively low level of diversity in comparison with the human intestinal system. Approximately 15-30 species, primarily Acetobacter spp. and Lactobacillus spp., have routinely been identified in studies both from wild populations and laboratory strains (reviewed in Broderick and Lemaitre [8] ). Considering the huge diversity of microbes present in the food in wild habitats, the comparatively low diversity of fly gut microbiota indicates that the commensal flora is shaped to some extent by the host's gut physiology and immune system. Recent studies of the gut microbiota of different species and from different habitats, using culture-independent DNA sequencing approaches, have pointed to the existence of a much larger microbial diversity in the overall Drosophila population [9] [10] [11] . In general, a typical 'core microbiota' could not be distinguished, except that Gluconobacter was identified in most wild-caught flies in one of the studies [10] . These studies also indicated a substantial impact of food sources for the composition of the microbiota of flies in the wild, most likely reflecting the difference in microbial communities living on various types of fruits and flowers. However, a few reports have also indicated that the host genotype controls and changes the microbial community, at least in a laboratory setting. Mutations in genes that are negative regulators of innate immunity, such as Caudal (Cad) , PIRK / PIMS and several PGRPs lead to an overactive immune system [12] [13] [14] [15] [16] and this seems to have an effect on the bacterial community in those mutant flies. A direct correlation was demonstrated between de-repression of antimicrobial peptide gene expression in Cad mutants and the dominant growth of one specific bacterium, Gluconobacter spp. strain EW707, leading to gut epithelium breakdown and host mortality [12] .
The innate immune system of Drosophila is characterized by immediate immune reactions that effectively eliminate microbial infections [17] [18] [19] [20] [21] . This relies on the recognition of microbial cell wall components, primarily peptidoglycan or its derivatives in the case of bacteria [22, 23] . In addition, cell signaling via the Toll, IMD, JNK and JAK/STAT pathways promotes substantial changes in the gene regulatory profile of immunoresponsive organs [17, 24] . In particular, the fat body, an adipose tissue with key metabolic functions, constitutes a major immunoresponsive organ that expresses and secretes antimicrobial peptides into the hemolymph in response to infection [17, 18] . The combination of such efficient effector molecules with other humoral immune reactions, such as coagulation and melanization, and with cellular immune reactions, such as phagocytosis, quickly eradicates most infections [24] . The immune system in the intestine is far more complex, as it needs to balance between tolerating the commensal gut flora, block the overgrowth of commensals and activate proper responses against pathogenic organisms. To ensure this immune homeostasis, it has been found that immune pathways in the fly are negatively regulated at two levels. Firstly, the presence of low concentrations of immune elicitors in the gut does not trigger a strong response, due to the presence of transcriptional repressors such as Caudal and Nubbin (Nub), thus increasing tolerance to the commensal microbiota [12, 25] . Secondly, the acute phase of immune gene induction in the case of an infection is followed by negative feedback regulation that tunes down the signaling and expression of downstream effectors [reviewed in 21, 26, 27 ] . It has been found that mutations in any of several negative regulators cause abnormally high expression levels of immune effector genes, which do not cease normally once the infection is eradicated [15, 28, 29] . In several studies, this was shown to correlate with a decreased lifetime survival, indicating that the aberrant immune reactions are detrimental to the host [27] .
We recently demonstrated that the Drosophila POU domain transcription factor Nub-PD, which is a homolog to human Oct1/POU2F1 and Oct2/POU2F2, acts as a repressor of many immune and stress response genes both in the gut and in other tissues of healthy flies under normal culture conditions [25] . This derepression required the transcriptional NF-κB/Rel activator Relish, and repression was necessary for keeping a large number of immune genes silent in the presence of the commensal flora. Here we take this further and show that flies lacking Nub-PD (nub 1 . This shift is characterized by the fast growth of a large number of Acetobacter spp . and Leuconostoc spp. Thus, this demonstrates how the host genotype can drive a shift in the gut microbial community, which cannot be compensated for by an active immune response, thereby leading to severe microbial dysbiosis and premature death.
Materials and Methods

Fly Stocks and Culture
The following fly strains were used: Or R was used as the wildtype control and nub 1 b 1 pr 1 used as the nub 1 mutant in all the experiments . This nub 1 strain has been kept as a homozygous stock for many generations, which may have affected the composition of the microbial gut flora that is transferred between generations. The flies were maintained on instant potato medium (consisting of, per liter, 12.6 g dry yeast, 500 ml syrup, 40 g instant mashed potato powder, 10 g agar, 8.5 ml Nipagin ® and 0.25 g ascorbic acid) in mixed female/male populations at 25 ° C with a 12 h light/12 h dark cycle.
Survival Assay and Antibiotic Treatment
The survival rate of Or R and nub 1 flies was measured in four parallel, independent sets of 25 newly eclosed flies of both sexes, in the presence (germ free; GF) and absence (conventionally reared; CR) of an antibiotic cocktail. The flies were transferred to fresh food in new vials every 3-4 days to prevent them from sticking to the food and to facilitate the recording of survival. The antibiotic cocktail was added during preparation of the culture medium to a final concentration of 100 μg/ml of carbenicillin, 100 μg/ml of neomycin, 50 μg/ml of vancomycin and 100 μg/ml of metronidazole [12] .
RNA Isolation, Quantitative PCR and RT-PCR Analysis
Intestines were dissected from three pools of 20 flies of both sexes at 1, 12, 21 and 26 days of age. The intestines (pooled from both sexes) and the rest of the fly bodies (carcass, females and males separately) were analyzed separately. RNA extraction, DNase treatment, reverse transcription and PCR were carried out as previously described [30] . When possible, primers and/or probes covered intron/exon boundaries to ensure the specific amplification of cDNA.
For the analysis of 16S bacterial DNA, 34 ng of total DNA from the guts (see below for the isolation procedure) was used per technical replicate reaction. The following quantitative PCR conditions were used: 50 ° C for 2 min, 95 ° C for 10 min, and 40 cycles of 95 ° C for 15 s and 60 ° C for 1 min. The universal 16S primers and probe used for detection were: F: 5 ′ -TCCTACGGGAG-GCAGCAGT-3 ′ , R: 5 ′ -GGACTACCAGGGTATCTAATCCT-GTT-3 ′ , probe: (6-FAM)-5 ′ -CGTATTACCGCGGCTGCTGG-CAC-3 ′ -(TAMRA) [31] . All samples were analyzed in triplicate and the measured mRNA or DNA concentrations were normalized relative to the control RpL32 values. The normalized data were used to quantify the relative concentration of a given mRNA according to comparative cycle threshold (2 − ΔΔC T ) analysis [32, 33] . Statistical significance was calculated using the paired t test and p values <0.05 were considered significant.
DNA Isolation, PCR, Template Preparation and MiSeq Sequencing
The intestines were dissected from 10 surface-sterilized flies under aseptic conditions. Total DNA was isolated from manually homogenized tissues with the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The DNA concentration was measured with a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, Calif., USA). Preparation of 16S amplicon libraries with two consecutive PCRs was performed according to the principles described in Hugerth et al. [34] , using PCR primer pairs that target the 16S V3-V4 region, 341-F (ACACTC-TTTCCCTAC ACGACGCTCTTCCGATCT-NNNNN-AGGAT-TAGATACCCTGGTA, where NNNNN are five random nucleotides that aid in clustering during sequencing) and 805-R (AGACG TGTGCTCTTCCGATCTCRRCACGAGCTGACGAC). The PCR reactions were set up as 50-μl reactions, using 2 ng of DNA template and 2× Phusion Master Mix (New England Biolabs, Ipswich, Mass., USA). The PCR conditions used were 98 ° C for 30 s, 20 cycles of 98 ° C for 10 s, 58 ° C for 30 s and 72 ° C for 6 s, followed by 72 ° C for 2 min. The PCR products were purified using the Qiaquick PCR purification kit (Qiagen) or AMPure XP beads (Beckman Coulter). The second outer PCR reaction was performed in 50-μl reaction volumes containing 23 μl of inner PCR template, specific Multiplex primers (barcoded) and 2× Phusion Master Mix. The PCR conditions used were 98 ° C for 30 s, 10 cycles of 98 ° C for 10 s, 62 ° C for 30 s and 72 ° C for 7 s, followed by 72 ° C for 2 min, and then purification as above. DNA concentrations were measured using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, Mass., USA). All samples were pooled and precipitated to a final volume of 15 μl with a concentration of 10 n M /sample. The sequencing was carried out at the Science for Life Laboratory (SciLifeLab), Stockholm, on a MiSeq (Illumina Inc., San Diego, Calif., USA). For more details, including the Multiplex barcoded primers, see https:// github.com/EnvGen/LabProtocols/blob/master/Amplicon_dual_ index_prep.rst.
MiSeq Data Analysis, OTU Clustering and Diversity Analysis
The 5 ′ and 3 ′ reads from each sequenced amplicon were merged, quality controlled and clustered into OTUs (operational taxonomic units) using the UPARSE protocol of USEARCH [35] . Universal OTUs were formed from unique sequences from all samples, excluding sequences only occurring once, with a radius of 1.5% difference from the seed sequence. The taxonomic affinity of OTUs was established by aligning seed sequences to the SILVA database (SSURef 111) [36] , using the SINA aligner [37] . Selected OTUs were blasted [38] against NCBI's 16S ribosomal RNA sequences for Bacteria and Archaea to increase the taxonomic resolution of key OTUs beyond the genus level identification that the SILVA database provides. Statistical analysis of the OTU matrix was performed with Explicet [39] and EdgeR [40, 41] . The Shannon diversity of the OTUs was calculated using Explicet (CITE) for each independent sample set. Each estimate is the average of 100 calculations based on subsampling to the size of the smallest sample.
Contamination Analysis
Possible contaminants were identified in the samples by correlation analysis (data not shown) and subtracted from all analyses of OTU abundances. Furthermore, blank samples were prepared by applying all laboratory steps from DNA isolation to PCR and sequence library preparation to purified water. PCR products from the blank samples were sequenced separately and found to be within the sequence diversity of the suspected contaminant OTUs (data not shown).
Data Availability
Sequences of all 509 OTUs, the number of reads for each and the taxonomic classification, including accession numbers of selected species, are available in the online supplementary tables 2 and 3 (see www.karger.com/doi/10.1159/000446368 for all online suppl. material). The raw sequence data were deposited in the European Nucleotide Archive (http://www.ebi.ac.uk/ena/data/view/ PRJEB13129).
Results
The Lifetime Survival of nub Mutant Flies Is Doubled upon Treatment with Antibiotics
We previously demonstrated that nub 1 mutant flies express high levels of antimicrobial peptide genes, as well as other genes involved in immune and stress responses To also analyze if the presence of the commensal flora would influence the survival length, we carried out the experiment both under CR conditions and in GF conditions (online suppl. fig. 1a ).
Observing the lifetime survival of four independent sets of fly cultures of CR-nub 1 , GF-nub 1 , CR-Or R and GFOr R flies showed that the survival curves differed significantly both between genotype and treatment (p < 0.0005; fig. 1 ). Importantly, nub 1 flies exhibited a considerably reduced lifespan (T 50 = 21.7 days) compared to Or R (T 50 = 68.5) under CR conditions ( fig. 1 ). Transferring newly eclosed flies to food supplemented with a potent cocktail of antibiotics [12] increased the total lifespan of both nub 1 and Or R . However, the effect was significantly more pronounced for nub 1 , whose mean lifetime survival (T 50 ; fig. 1 b) increased from 21.7 to 43.8 days (102% lifespan extension), while in Or R it increased from 68.5 to 85.5 days (25% lifespan extension) in the presence of antibiotics, revealing a substantial difference in the relative lifetime extensions between nub 1 and Or R (p = 0.0018) . In addition, there was considerable variation in the survival curves between the four sets of CR-nub 1 flies, while Or R flies displayed consistent survival curves for all indepen- Mean survival and Dipt mRNA levels in extracts of dissected intestines by reverse transcriptase quantitative PCR. CR and antibioticstreated/GF flies were dissected on days 12, 21 and 26 posteclosure. All expression levels are related to CR Or R on day 12, which was set to 1. The data are mean values from at least three independent experiments and error bars indicate the standard deviation. Statistical significance was calculated using the paired t test, * p < 0.05, * * * p < 0.001.
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Microbial Dysbiosis due to Deregulation of a POU/Oct Factor dent sets (online suppl. table 1) , indicating that separated cultures of nub 1 flies provide different survival conditions, and that this effect was more pronounced in CR conditions, which allows microbial growth. This suggests that the number and/or composition of microbes differ between the individual sets of nub 1 cultures, and that this has a direct effect on the lifespan of nub 1 flies . In summary, the survival curves of nub 1 and Or R in the absence and presence of antibiotics indicate that nub 1 flies may host opportunistic infections. Nonetheless, the abolishment of microbes did not restore the lifespan of nub 1 to wild-type proportions, demonstrating that the loss of Nub-PD protein has other negative effects on the general fitness of nub 1 flies. This was expected as we previously have shown that the absence of Nub-PD protein affects the expression of numerous genes involved in stress, metabolism, development and differentiation, either directly or indirectly [25] . However, the strong effect on nub 1 survival by treating them with antibiotics was surprising in the light of our earlier results, which had indicated that nub 1 flies do not carry any cultivatable bacteria in their intestines [25] . Consequently, it raised several interesting questions on the primary cause(s) of the short lifespan of nub 1 flies -is it caused by the overactive immune system, by the growth of pathogenic bacteria and intestinal dysbiosis, or by a lack of normal gut epithelium renewal (intestinal homeostasis)? To answer some of these questions we repeated the survival study and analyzed: (1) the expression of two key antimicrobial peptide genes as read-out of immune gene activity; (2) the bacterial load by 16S rDNA quantitative PCR measurements, and (3) the composition of the gut microbiota by deep DNA sequencing (see online suppl. fig. 1b for an overview of the whole experimental setup). Flies were collected and analyzed at time points reflecting the 75, 50 and 25% survival of nub 1 (CR), i.e. 75% (T 75 = 12 days), 50% (T 50 = 21 days) and 25% (T 25 = 26 days) survival.
Immune Gene Expression Is Constantly High throughout the Lifespan of nub 1 Mutant Flies, Also in the Presence of Antibiotics
We chose to follow the expression of two well-known effectors of the Drosophila immune system, the genes for the antimicrobial peptides CecropinA1 (CecA1) and Diptericin (Dipt), during the lifespan of nub 1 flies. Both these genes were previously found to be upregulated in 5-to 10-day-old nub 1 flies in a Relish-dependent manner [25] . As expected, a Dipt-mCherry reporter was highly expressed in the midgut of nub 1 flies ( fig. 2 d, e) compared to control Or R flies ( fig. 2 b, c) , confirming the transcriptional derepression of an immune effector gene in the midgut epithelium.
The expression of CecA1 and Dipt was then analyzed in extracts of dissected intestines and in the rest of the fly body (carcass) by reverse transcriptase quantitative PCR. The expression of CecA1 and Dipt was significantly higher in the intestines dissected from nub 1 compared to Or R , both in CR and GF conditions ( fig. 2 f, g; online suppl. fig. 2b ) Also in the carcass samples, CecA1 and Dipt expression was higher in nub 1 than in Or R (online suppl. fig. 2a, c) fig. 1b ). The samples taken on day 1 (black crosses, x) were taken from another set of independent cultures. Statistical significance was calculated using the paired t test, * p < 0.05, * * p < 0.01. [25] . However, preliminary analysis of the gut content showed the presence of bacterial 16S rDNA, indicating that nub 1 mutant flies do harbor noncultivatable bacteria in spite of the high levels of immune gene expression in the intestine and the rest of the fly. To investigate this further, we followed the bacterial load of Or R and nub 1 flies at the same time points as before (online suppl. fig. 1b ). Each independent set of flies were transferred to fresh vials every third day, a procedure which has been shown to allow the establishment of a normal microbial community, as adult flies and eggs carry bacteria externally, which will contaminate the food and then be ingested by larvae and flies [42] . Flies were surface-sterilized and their intestines dissected on day 12, 21 or 26 (online suppl. fig. 1b ). Bacterial 16S rDNA and Drosophila RpL32 DNA were measured by qPCR ( fig. 3 ) and, in parallel, the same samples were used for DNA sequence analysis to compare the richness and overall diversity of the bacterial communities ( fig. 4 ) . The sequence analysis was also used for the identification of changes in the presence of specific OTUs in the intestines of nub 1 and Or R flies ( fig. 5 , 6 ; online suppl. table 2). The relative bacterial 16S rDNA level (normalized against Drosophila RpL32 DNA) was first measured on day 1 posteclosure, which showed that both strains have very low 16S rDNA values ( fig. 3 ) , indicating that neither nub 1 nor Or R carry any substantial numbers of bacteria in their guts at eclosure. In Or R flies, the low number of bacteria persisted until day 12, but then increased to higher loads at 21 and 26 days of age ( fig. 3 ). This corroborates earlier studies showing that laboratory strains of Drosophila carry no or very few bacteria in their guts at the time of eclosure, followed by increasing bacterial loads during their adult life [1, 42] . Surprisingly, nub 1 flies carried high levels of 16S rDNA in their guts already by day 12. Samples at later time points varied, with some samples showing a very high concentration of 16S rDNA, reflecting extreme bacterial loads in the guts of these flies, while other samples were similar to Or R ( fig. 3 ). This indicates that bacterial growth is established faster in nub 1 flies than in Or R , and that it can multiply to excessive numbers compared to what is normally found in laboratory strains.
Diversity and Taxonomic Distribution
To analyze the diversity and composition of the gut microbiota during the relatively short lifespan of nub 1 flies, and to compare it with age-matched Or R flies, we extracted DNA from dissected intestines in groups of 10 from each independent set of flies (online suppl. fig. 1b) . To allow the detection of rare microbes, we sequenced the DNA on an Illumina MiSeq flow cell. Primers were designed against the hypervariable regions V3 and V4 of the 16S rRNA gene in combination with sample-specific barcode sequences, enabling parallel in-depth analysis of all the samples in one channel [34, 43] . In total, this provided 27 million reads with an average length of 251 nucleotides. After merging and quality filtering, the reads were assigned to 509 OTUs at 1.5% difference from the seed sequence using the UPARSE protocol [35] To compare the overall diversity, we analyzed the alpha diversity within each sample and then compared this for genotype and age. We found that the mean diversity of the taxonomic composition is relatively even between genotypes and age ( fig. 4 a) , but due to large variation between the biological replicates, especially at the early time points when the bacterial load was low, most differences were not significant. In general, nub 1 samples had slightly less diversity than Or R . At 26 days of age, the nub 1 samples revealed significantly reduced diversity compared to Or R , correlating with a shift in microbial communities in nub 1 , dominated by a few bacterial families, as described below.
We then analyzed the differences in microbial composition between the two genotypes and the three age groups, and determined how much variation there is between individual samples/cultures by carrying out a multidimensional scaling analysis based on estimated OTU abundances ( fig. 4 b) . This showed that the bacterial composition between individual samples of the same genotype and age is relatively similar as they clustered together with the exception of a few samples. The plot shows that nub 1 flies separated well from the rest of the samples on days 21 and 26, suggesting that nub 1 flies carry their own distinct bacterial communities at 21 and 26 days of age. [12, 44, 45] , shown to confer beneficial and growth-promoting effects on its host [16, 46, 47] , while L. brevis has been correlated with some pathogenic properties [48] . Interestingly, Leuconostoc pseudomesenteroides, a well-known fermenting bacterium, previously isolated primarily from wild-caught Drosophila [11, 49] , was only found in the nub 1 gut samples. The Firmicutes also included abundant sequence reads in most samples of OTUs matching to different species of Gemella, Streptococcus and Staphylococcus (online suppl. table 3) . The Bacteroidetes were generally not very abundant, but several OTUs belonging to Prevotella were identified in most of the samples. Within the Alphaproteobacteria , the Acetobacteraceae order contained many different OTUs corresponding to a whole range of Acetobacter species, as described in more detail below. The Alphaproteobacteria also included OTUs with abundant reads in many of the samples matching to Brevundimonas spp. Phyllobacterium and Brucella spp. [32] . OTUs corresponding to Betaproteobacteria were not very frequent in total, but a few genera came up with abundant sequence reads, among them Delftia spp., Massilia spp. and Neisseria spp. Gammaproteobacteria, other than the Pasteurellales, were present primarily in Or R , and among them several Enterobacteriales were abundant, such as Escherichia coli and Serratia marcescens , and OTUs matching Haemophilus parainfluenzae were found in most of the samples (online suppl. table 3).
Significant Differences in the Bacterial Composition between nub 1 Flies and Or
R
To analyze if the composition of the microbial community could explain the short lifespan of nub 1 mutant flies, we performed a comparative analysis of the taxonomic distribution, by examining the differences in abundance (number of sequence reads) of all 486 OTUs between age-matched nub 1 and Or R flies, using the Bioconductor tool edgeR [41] . The significant differences of individual OTUs is presented in figure 6 and online supplementary (OTUs 008 and 506; fig. 6 ), while these OTUs were absent in Or R . The two closest known species were O. sasakiae , a bacterium previously isolated from the gut of wild populations of the butterfly Sasakiae charonda [48] , and to O. hercynius [50] . However, the sequence identity was only 92% to these species, and we therefore refer to these OTUs as Group Orbus [9] . In addition, Acetobacter persici (OTUs 225, 313 and 416) was overrepresented in nub 1 flies on day 12.
The bacterial community of nub 1 flies was highly diverse on days 21 (50% survival) and 26 (25% survival), but the community was dominated by species belonging to a few bacterial families. In line with this, more than 20 OTUs were significantly more abundant in nub 1 compared to Or R samples ( fig. 6 ). Most of the OTUs, overrepresented in nub 1 , belong to the group of acetic acid bacteria (AAB) , especially A. indonesiensis and A. estunensis, and to lactic acid bacteria, such as Lactobacillus and Leuconostoc ( fig. 6 ; and online suppl. 1 and Or R . Finally, a significant overrepresentation of Enterococcus faecalis (OTU 011) was observed, as it was consistently found at high loads in all samples and age groups of nub 1 flies but almost absent from Or R samples ( fig. 6 ; online suppl. table 4).
Discussion
Earlier studies of the composition of the commensal microbiota, based on culture-dependent methods, indicated that animals and humans carry a 'core microbiota' with a shared number of microbial species, which has coevolved with the host. Today, direct sequencing approaches have on the contrary demonstrated that the variation in the microbial community between human individuals is enormous, each constituting a complex ecological community [51, 52] . Likewise, most studies of the intestinal microbial community in Drosophila have been based on culture-dependent or bacterial DNA cloning studies, and it has been argued that flies typically harbor at most 15-30 bacterial species [recently reviewed in 8 ] .
In the present work, we compared the taxonomic composition of gut microbiota using Illumina sequencing of 16S rDNA between laboratory-reared wild-type (Or R ) and nub 1 mutant flies, during the course of the short lifespan of nub 1 flies. In both genotypes, the microbial density and diversity increased considerably during this period, and we identified a total of 486 bacterial OTUs. Each biological replicate typically carried between 150 and 200 OTUs, which is considerably more than in previous studies. We ascribe the larger microbial community identified in the present work to differences in sequencing methods and fly culture conditions compared to previous studies. Direct sequencing is definitely an advantage, as culturing and cloning strategies are known to reduce the number of identified taxa considerably. In addition, the large number of sequence reads provided by Illumina MiSeq sequencing ensures that also rare OTUs will be identified. Furthermore, in many studies on laboratory-reared Drosophila, flies have been kept on food complemented with bacteriostatic compounds which inhibit microbial growth. In the present study, flies were transferred to boiled fly food in the absence of any such compounds, and the stocks had been cultivated like this routinely for many generations. It is possible that this has enabled the establishment of a larger microbial community, which is transferred vertically between generations. From the results presented in this study, we can conclude that the richness and diversity of the microbial composition in the Drosophila gut have been greatly underestimated. A few recent studies support this conclusion, also indicating that Drosophila might harbor a much richer microbiota than previously anticipated, which varies greatly within and between populations and species [10, 11, 53] . These studies also showed that the microbial composition of both laboratory-reared and wild-caught flies was greatly affected by environmental factors, such as local habitat and food source/composition. Taken together, it suggests that the microbial richness in Drosophila may differ by less than one magnitude of that of the human gut, which typically harbors around 1,000 'species-level' phylotypes in each individual [52] .
Previous studies have shown that flies eclose without a gut microbiota, which is then established de novo by the consumption of exogenous bacteria [reviewed in 8 ], much in resemblance to how human babies are born sterile and how the microbial community is acquired during early childhood [54] . In Drosophila, Blum et al . [42] showed that frequent transfer (every day) of newly eclosed flies to sterile food prevented the establishment of a microbial gut community, while transfer every third day readily allowed the creation of a gut microbiota. In the present study, we adopted a scheme of transferring the flies to new vials every third day and, as expected, the bacterial load within each replicate of Or R flies were low on day 1 and increased with age ( fig. 3 ) . Interestingly, the microbial composition varied substantially between replicate samples in young flies ( fig. 4 b) . This suggests that the early microbial colonization is stochastic, leading to high diversity between separate cultures (beta diversity). In older Or R flies (day 26), the alpha-diversity was high within all samples ( fig. 4 a) but there was less variation between the samples (beta-diversity; fig. 4 b) , indicating the existence of selective forces that shape the communities to become more similar, although they are not in direct contact with each other. This shaping of the communities, or 'homogenization', is likely a result of different host factors, such as immunity, metabolism and physiology, in combination with competition between the microbes, thereby allowing a stable community to be established. However, it may also reflect that certain bacteria have evolved to better colonize guts than other. Most interestingly, such community shaping resembles to a high degree the initial establishment and shaping of microbial communities in humans, in which the microbiota in young children (up to 2 years of age) is highly variable and unstable, while adults who live in similar environments harbor relatively uniform and resilient microbial communities [52, 55] . Thus, the evolutionary forces and ecological constraints maintaining environmental and compositional homeostasis of the microbial gut community seem to act similarly in organisms as divergent as flies and humans.
Contrary to the development of a stable, healthy gut microbiota in Or R flies, the nub 1 mutant flies revealed a dramatic shift in their communities at later time points. The microbial load in nub 1 increased to extreme levels in some samples ( fig. 3 ) and the microbial composition within nub 1 samples continued to diversify ( fig. 4 a) but, most strikingly, the composition shifted radically in all nub 1 samples compared to Or R samples ( fig. 4 b) . This indicates that neither host constraints nor microbial competition were acting normally. This was most extreme on day 21 (50% survival) and 5 days later (day 26) only 25% of the flies were alive and most of these were moribund within a few days, demonstrating the evolvement of a host-threatening state, either due to general bacterial overgrowth or the presence of opportunistic species, or both.
The microbial composition at the phylum level in our samples was dominated by Proteobacteria and Firmicutes ( fig. 5 a) , but also contained Actinobacteria and Bacteroidetes. Interestingly, this profile is similar to the microbial composition of the human gut, which is dominated by Firmicutes and Bacteroidetes, but also contains Proteobacteria, Actinobacteria, Fusobacteria, Verrumicrobia and Cyanobacteria [43, 52, 55] . As mentioned above, the microbiota of laboratory-reared Drosophila has previously been considered to be very sparse. However, wildcaught insects have been reported to display a much greater microbial diversity, especially among the Proteobacteria. Gammaproteobacteria was recently reported as the major bacterial class in the guts of free-living house flies (Musca domestica) [56] , and has been isolated frequently from D. melanogaster [44, 57, 58] . Another large group of OTUs in our samples belong to Corynebacteria (Actinobacteria) , with 100-500 sequence reads in all samples (online suppl. , and especially to measure if the concentrations of sugars and other nutrients are changed to confer a more growth-promoting environment.
Among microbes that were overrepresented in nub 1 flies is a clade of Gammaproteobacteria, the Group Orbus, which was very abundant in nub 1 at early time points but completely lost at later time points, indicating that it was outcompeted by faster growing bacteria. Another significant overrepresentation observed in all samples and age groups of nub 1 flies was represented by E. faecalis , suggesting that nub 1 is a beneficial host for this bacterium. E. faecalis has previously been isolated from the gut of many different insects [59] and found to be frequently present in some laboratory strains of D. melanogaster [44] .
Interestingly, most of the OTUs overrepresented in nub 1 belong to the group of AAB , such as Acetobacter (Alphaproteobacteria) , and to lactic acid bacteria, such as Lactobacillus and Leuconostoc (Firmicutes) . These groups of bacteria are frequently associated with insects that feed on fermenting fruits and vegetables. AAB have been suggested to represent novel insect symbionts [60] , and A. pomorum was recently shown to modulate metabolic homeostasis and the developmental rate of Drosophila in a laboratory setting [61] , while some AABs have been found to be opportunistic pathogens of insects [12] . It was somewhat surprising to observe such a rich diversity of Acetobacter in our laboratory-reared flies, although Cox and Gilmore [44] identified several Acetobacter spp., and subsequent studies have shown that Drosophila laboratory stocks frequently carry Acetobacter spp. [9] [10] [11] 45] . Most of these studies indicated, however, that the taxonomic diversity is usually low, i.e. few OTUs are usually identified. The high abundance and richness in Acetobacter OTUs in nub 1 flies in our study indicate that this genotype is a favorable host for Acetobacter, while we did not isolate other AAB frequently found in insects, such as Gluconobacter and Commensalibacter.
The lactic acid bacteria L. brevis and L. plantarum (Firmicutes) were overrepresented in nub 1 flies on days 21 and 26, respectively ( fig. 6 ; online suppl. table 3). Both species have been isolated from Drosophila previously [12, 47, 62] and L. plantarum were found to exert beneficial properties to its fly host and to promote systemic growth [47] . Another fermenting lactic acid bacterium, L. pseudomesenteroides (Firmicutes), was one of the most abundant in nub 1 flies both on day 21 and 26 ( fig. 6 ; online suppl. table 4). This bacterium is an opportunistic human pathogen, causing nosocomial urinary tract infections.
To our knowledge, it has not been isolated previously from laboratory-reared Drosophila , but from wild populations, especially from cactophilic flies in the Sonoran Desert [49] . Thus, L. pseudomesenteroides can obviously use nub 1 flies as a host, but it was not abundant in the Or R samples, and it is quite possible that this is not a beneficial microbe for the fly, and that it acts as an opportunistic pathogen. Originally, we had hypothesized that the short lifespan of nub 1 flies could be a result of the overactive immune system in the absence of the Nub-PD transcriptional repressor [25] . However, the findings that the survival time of nub 1 flies increased by more than 100% in the presence of antibiotics ( fig. 1 ), concomitant with a constitutively high immune gene expression also under these GF conditions ( fig. 2 ) , indicated that early death of nub 1 flies is primarily related to their microbiota and only indirectly due to the derepressed immune system. In fact, CecA1 expression was constantly high in nub 1 flies, both in the absence and presence of antibiotics ( fig. 2 f; online suppl. fig. 2 ), while the expression of Diptericin followed the changes in bacterial load in the gut (compare fig. 2 f and fig. 3 ).
It was recently reported that nub can act as a differentiation factor in the gut epithelium [63] . This raises the question of whether nub 1 flies may have a disorganized or damaged gut structure that may contribute to their short lifespan. Although this is quite possible, the fact that nub 1 fly guts express high levels of antimicrobial peptides strongly indicates that the guts consist of fully differentiated enterocytes that are immunocompetent. We also did not gain support for the hypothesis that nub 1 flies would possess a severely damaged gut, as tested by feeding adult flies with a food dye that would leak out into the fly abdomen if the gut is damaged and cause the flies' abdomens to turn blue [64] (data not shown). Therefore, our conclusion is that the difference in lifespan between GF and CR nub 1 flies is primarily due to an inability to regulate the growth and the composition of the microbiota, leading to a forceful microbial dysbiosis. This does not rule out that other processes in gut development and function are affected in nub 1 flies both in GF and CR flies, as both have a shorter lifespan compared to GF Or R ( fig. 1 a) . A radical shift in microbiota composition from Firmicutes to Proteobacteria was in fact recently reported to occur upon intestinal barrier failure during Drosophila aging, and it was shown that this shift was driving mortality [53] . Thus, it is possible that expansion of Alphaproteobacteria and Gammaproteobacteria on the expense of Firmicutes in nub 1 guts mimics a progressed aging process with pleiotropic effects on health and lifespan.
In summary, we found that the microbial community of nub 1 grows to very high loads until the flies succumb to death. Feeding antibiotics to nub 1 flies doubled their lifespan, demonstrating the strong link between the microbial community, host genotype and early death. We hypothesize that a shift in the microbial community and selection of resistant microbes has evolved in nub 1 hosts over time. This community, which is transferred vertically between generations, grows well even in the presence of high concentrations of endogenous immune effector molecules, such as antimicrobial peptides. The gut microbiota of nub 1 flies may contain pathogens, but our results rather indicate that it constitutes a diversified community of primarily Acetobacter spp. and Lactobacillales , of which most may in fact be considered as commensals in Drosophila . Yet as a consequence of the resistance of these microbes, nub 1 flies will not be able to fight these bacteria when they continue to multiply and reach high loads. As a result, flies will succumb to death within a short time frame due to the overgrowth of this community, most likely due to energy collapse and organ failure. Thus, we have shown that changes in host genotype, and an inability to regulate the normal growth and composition of the gut microbiota, can lead to dramatic shifts of the microbial community that subsequently causes severe dysbiosis and early death.
